Influence of Temperature on Surface Integrity for Typical Machining Processes in Aero Engine Manufacture  by Klocke, F. et al.
Procedia Engineering 19 (2011) 203 – 208
1877-7058 © 2011 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2011.11.102
Available online at www.sciencedirect.com
Procedia
Engineering
          Procedia Engineering  00 (2012) 000–000 
www.elsevier.com/locate/procedia
*Corresponding Author. Tel.: +49 241 80 20522; fax: +49 241 80 22293.  
  E-mail: s.gierlings@wzl.rwth-aachen.de 
Available online at www.sciencedirect.com
1st CIRP Conference in Surface Integrity (CSI) 
Influence of Temperature on Surface Integrity for Typical 
Machining Processes in Aero Engine Manufacture 
F. Klockea, S. Gierlingsa,*, M. Brockmanna, D. Veselovaca
aWZL RWTH Aachen, Steinbachstraße 19, 52074 Aachen, Germany 
Abstract 
Components such as turbine discs in the high pressure turbine part of the aero engine suffer high 
mechanical and thermal loads during service and are critical to the safety of the aircraft. Therefore, in 
aero engine manufacture, the surface integrity has established as a complex quality measure regarding not 
only features on the surface but also the condition of the subsurface. The integrity at the machined surface 
on the one hand depends on the material properties of the part and on the other hand on the machining 
parameters as well as the condition of the cutting edge. This paper intends to contribute to the 
understanding of the physical effects during the cutting process and uses the temperature in the cutting 
zone as a measure to connect the cutting parameters and selected measures of the surface integrity. 
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1. Introduction 
1.1. Machining of critical parts in aero engine manufacture 
Due to the design intended high temperature strength of materials used in the aero engine industry, the 
machining operations applied in this area are difficult to define and control. For safety reasons, the 
authorities have put stringent control and mandatory tests on the production and subsequent quality of 
critical parts [1]. Critical parts are those that may cause catastrophic consequences in the case of failure, 
i.e. rotating parts. To react on such issues, aero engine manufacturers have put main focus on the control 
of surface and subsurface integrity to meet sufficient quality requirements. This has lead to very 
conservative process design for any machining operations that are performed at the end of the process 
chain. For compressor and turbine discs one of that processes is the broaching operation to produce 
fir-tree and dovetail slots for connection of the blades to the disc.   
1.2. Surface integrity for machining nickel based alloys 
After first introduction in literature of surface integrity in machining from Field and Kahles [2] 
international research efforts have been taken to investigate the huge scope of detecting, measuring, 
characterizing and modeling of surface integrity and related topics. The last comprehensive overview of 
surface integrity was provided by Jawahir et al. [3], including experimental techniques for measuring 
surface integrity parameters, results from a round robin study on surface integrity parameters and a 
benchmarking study about available predictive models. Specific work for machining nickel based alloys 
yielded several anomalies in the surface integrity like surface tearing, cavities, cracking, metallurgical 
transformation plastic deformation, increased micro hardness, increased surface roughness and the 
formation of tensile residual stresses [4]. 
1.3. Temperature measurements in broaching 
Due to high efforts concerning setup and design of broaching machines and tools, results for process 
monitoring of broaching can rarely be found in literature. An overview of tool condition monitoring for 
broaching and correlations to the work piece quality can be found by publications from Axinte [5]. Here, 
acoustic emission, vibration, cutting forces and hydraulic pressure were investigated for capability of 
monitoring the cutting process. Temperature measurements for broaching with different cutting speeds 
have been conducted by Makarov [6]. However, the actual temperature measurement device and the 
location of the measurement are not specified. 
2. Process Monitoring of surface integrity 
In order to make production of critical aero engine parts more flexible and safe, monitoring of the 
machining process represents an effective solution for validation, in-process characterization and 
subsequent assessment of the work piece quality. Therefore, the influence of machining on the surface 
integrity needs to be described. Here, the assumption that occurring anomalies are solely depending on 
the combination of cutting forces and temperature can be formulated. This assumption links the influence 
of cutting parameters only on the thermo-mechanical process behaviour of chip formation. A direct 
influence of cutting parameters on surface integrity is therefore only existent with this link. The difficulty 
occurring for application in industrial environment is the lack of available sensor solutions for 
temperature measurements that do not significantly change the process conditions. However, technologies 
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like thin-film coating sensors and smart sensor materials seem to offer a huge potential to close this gap. 
With available technologies, the way to approach monitoring systems for surface integrity is the 
correlation of the physical measures force and temperature to more convenient sensor solutions that can 
be used in a production environment (e.g. effective power). This task is not scope of this investigation, 
work on these issues can be found in literature.  
3. Experimental setup and design 
The machining experiments discussed in this article were carried out on a modified Forst 
RISZ16x1600x400 broaching machine tool. The hydraulically driven machine has a maximum tractive 
force of 160 kN and can travel along the z-axis with cutting speeds up to 60 m/min. The machine tool is 
equipped with a built-in force dynamometer located directly under the machine table. The forces were 
acquired in three components. In the actual set-up, the z-component represents the cutting force in cutting 
speed direction and the y-component is in the direction of the push-off force. Due to tool symmetry, the 
forces in x-component attain values of negligible order. An overview of the setup detailing the 
arrangement is given on the left-hand side in Fig. 1. 
The temperature measurement was carried out with a two-color pyrometer using a fiber of 320 µm in 
diameter. For the measurements, the sample pieces have been provided with a 0.9 mm drill hole to feed 
the fiber through. During the test, the work piece was aligned in a way so that the fiber directly points to 
the clearance face of the passing tool machining a slot in the Inconel 718 material. A CAD model 
illustrating the components is shown on the right-hand side in Fig.1. 
The left-hand side of Fig.2 gives an overview of the cutting conditions: due to the fact that the work 
piece height and slot length, respectively, is smaller than the tooth pitch, there is only one tooth engaged 
Fig. 1: Experimental set-up and work piece clamping device 
Fig. 2: Tool engagement conditions and positions for temperature measurements
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at the same time. 
The tool is a straight 13-teeth HSS T15CPM cutting tool having a constant rise-per-tooth of 40 µm and 
a tooth width of 2 mm. In the test series, two sets of experiments have been performed: in a first set, the 
temperature measurement was fixed to Position 4 at the very end of the slot changing the cutting speed 
stepwise from 3 to 10 m/min. In a second set, the position in the broaching slot where the temperature 
data was acquired was varied (see Fig. 2). 
4. Analysis of process monitoring signals 
The acquired process monitoring signals were the tri-axial cutting forces and the temperature of the 
tool as described in the previous chapter. Fig. 3 shows the analysis of these signals for the first set of 
trials. In terms of the cutting forces the forces in y- and z-direction, corresponding to the push-off force 
and cutting force were chosen and the arithmetic mean value is depicted in the diagrams. 
For the temperature also the arithmetic mean value is calculated. The temperature is measured at 
Position 4. The signals are shown in dependence of different cutting forces and the successive teeth 
entering the material. The cutting force maintains almost constant around 400 N, both, for changing 
cutting speeds and different teeth. The increased values for tooth Numbers 4, 9 and 12 are referred to a 
slightly increased rise per tooth inherent to the tool, i.e. is not process dependent. The push-off force in 
the y-direction shows a similar, constant behavior. However, the arithmetic temperature shown on the 
right-hand side of Fig. 3 increases with higher cutting speed and also increases for the different teeth. This 
effect is getting more significant towards higher cutting speeds. 
Fig.3: Force and Temperature Signals for different cutting speeds and teeth
Fig.4: Mean temperatures for different measurement positions
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Fig. 4 shows the results for the second set of trials to specify the influence of the measurement position 
in the slot on the process monitoring signals. On the left- and right-hand side of Fig. 4, mean temperatures 
for two representative cutting speeds are shown. For the lower cutting speed of 5 m/min, the influence of 
the measurement position is small, though an increase of the temperature towards Position 4 in the slot 
can be detected. This effect intensifies for the higher cutting speed of 10 m/min and appears significantly 
for the last tooth. As the cutting force and the push-off force remain almost constant, the energy input into 
the process is the same as well. The strength of the occurring heat source therefore can be also assumed to 
be constant, which means that the increased measured tool temperature is due to heating up during a 
single cut. This effect is sketched on the right-hand side of Fig. 4. At the entrance phase at Position 2, the 
tool is at low temperature and suddenly faces a very high heat source due to the chip formation process. 
The high temperature gradient in the tool induces a heat flow into the tool material which is increasing the 
temperature till the exit phase of the cut. For an imaginary Position 5 far outside the cutting contact the 
tool temperature will proceed to a uniform distributed stationary temperature. As shown in Fig. 3, 
changing the cutting speed will increase the strength of the heat source. However, considering the cutting 
forces in this case the heat source has not significantly varied. The temperature increase due to cutting 
speed is therefore based on differing distribution of the heat into work piece, chip and tool. For higher 
cutting speeds the time for heat transfer per time into the chip is lower so that the tool temperature is 
elevated. For the effect of increasing temperature with the tooth number, the heat conduction in the tool 
from tooth to tooth can be neglected, as the heat capacity of the tool is too high due to the mass. The 
nearly constant force level and consequently constant strength of the heat source thus the heat partition 
has changed and more heat flows into the tool. The reason in this case is due to heating up of the work 
piece, not an altering heat source. A higher work piece temperature causes a lower temperature gradient 
to the heat source, which results in a lower heat flow rate. 
5. Analysis of surface integrity 
For all tests, cut-ups were made in order to investigate the microstructure. The investigated position 
was fixed to the machined surface 0.5mm in front of the position where the temperature has been 
measured. On the one hand, an optical analysis was performed investigating the etched samples and on 
the other hand, micro-hardness measurements were performed in order to detect possible micro-structural 
modifications which are not visible in the micrograph. In the microscope pictures the grain structure of 
the Nickel-alloy is clearly evident. At the surface where the material was in contact with the cutting edge 
during process, two layers are visible in all samples. First, there is a thin white layer that exhibits no 
regular structure but looks like a single phase covering the base material where a grain structure is still 
available. Following this white layer, a clear deformation of the base material’s grain structure in cutting 
speed direction can be noticed before the unaffected base material. 
The left-hand side of Fig. 5 gives an overview of an optical micrograph for the sample being machined 
at a cutting speed of 4 m/min. As an example, the cutting speed direction, the white- and deformed layer 
have been highlighted and labeled. The diagram on the right-hand side shows the development of the 
deformed layer- and white layer thickness measured on both, the work piece side (red) as well as the chip 
side (green). At first it becomes apparent that the deformed layer thickness starts at approx. 6µm and 
steadily increases with higher cutting speeds. For the white layer on the chip side, it can be stated that it is 
always bigger than on the work piece side. Moreover, the white layer on both sides grows with increasing 
cutting speed. Besides the absolute values in the diagram, it was observed that the work piece sided white 
layer becomes more continuous and distinct up to higher cutting speeds. At low machining speeds, 
variations between minimum and maximum values were bigger and in some cases the layer appeared to 
be more blurred at the interface to the deformed layer. 
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The hardness measurement (HV0,1) corroborates the results from the optical analysis. A measurement 
within the white layer due to its very low thickness was not possible. However, the deformed material 
layer could be detected by slightly higher values for the hardness measurement. In general, low hardness 
values could be found in less deformed areas and in relatively big material grains, respectively. On the 
opposite, extremely high hardness values were found where several grain boundaries meet or where 
particles of hard materials were embedded in the Nickel-alloy matrix. 
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Fig. 5: Metallic micrograph and evolution of deformed- and white layer over cutting speed
